Background: Previous studies suggested that opiate withdrawal may increase anxiety and disrupt brain-derived neurotrophic factor function, but the effects of i.v. morphine self-administration on these measures remain unclear. Methods: Adult male Sprague-Dawley rats were implanted with a catheter in the jugular vein. After 1 week of recovery, the animals were allowed to self-administer either i.v. morphine (0.5 mg/kg per infusion, 4 h/d) or saline in the operant conditioning chambers. The acoustic startle reflex and prepulse inhibition were measured at a baseline and on self-administration days 1, 3, 5, and 7 (1-and 3-hour withdrawal). Blood samples were collected on self-administration days 3, 5, and 7 from separate cohorts of animals, and the levels of brain-derived neurotrophic factor and corticosterone were assayed using the enzymelinked immunosorbent assay method. Results: Compared with the saline group, the morphine self-administration group showed hyper-locomotor activity and reduced defecation during the self-administration. The morphine self-administration increased acoustic startle reflex at 1-hour but not 3-hour withdrawal from morphine and disrupted prepulse inhibition at 3-hour but not 1-hour withdrawal. The blood brain-derived neurotrophic factor levels were decreased in the morphine self-administration group at selfadministration days 3 and 5, while the corticosterone levels remained unchanged throughout the study. Conclusions: The current findings suggest that spontaneous withdrawal from i.v. morphine self-administration may have transient effects on acoustic startle, sensorimotor gating, and peripheral brain-derived neurotrophic factor levels, and these changes may contribute to the adverse effects of opiate withdrawal.
Introduction
Morphine, a widely used potent analgesic opioid (Miyamoto and Patapoutian, 2011) , enhances dopamine (DA) release in the nucleus accumbens of the mesolimbic system. This often results in reinforcing effects, which drive an individual into abuse and dependence (Vanderschuren et al., 2001) . In addition, opiates tend to produce anxiety-like behaviors when discontinued (Harris and Gewirtz, 2004; Rothwell et al., 2010) ; this aspect of morphine has been studied extensively (Harris et al., 2006) . Interestingly, although both acute and chronic administration of morphine are believed to increase anxiety, past acoustic startle and open field tests in rodents have shown that acute, rather than chronic, treatment produces greater anxiety (Cabral et al., 2009) .
The acoustic startle reflex (ASR) has been accepted as a good measure of anxiety (Davis et al., 2010) , particularly with morphine studies (Warren and Ison, 1982; Glover and Davis, 2008; Rothwell et al., 2009 Rothwell et al., , 2010 . Prepulse inhibition (PPI), a modified ASR and a measure of the sensory gating mechanism, has been used for the study of not only hearing impairment (Tziridis et al., 2012) but also psychiatric diseases such as schizophrenia (Geyer et al., 1993; Parwani et al., 2000; Ludewig et al., 2002) . However, most previous studies that used ASR and PPI to investigate the effects of morphine on anxiety and brain information processing in rodents implemented an injection paradigm in which animals were given morphine passively. Consequently, although the results from these studies contributed to our current knowledge of the effects of morphine on anxiety, further investigation using different methodologies such as self-administration is necessary. This is because studies that use spontaneous self-administration have previously reported findings that are significantly different from those of passive administration studies (Jacobs et al., 2003; O'Connor et al., 2011) . In addition, spontaneous self-administration is believed to have a better validity when translating the reported results to human studies (Mello and Negus, 1996) . Recently, there has been a study that examined the effects of chronic morphine self-administration (MSA) on the ASR and PPI (Le et al., 2014) . However, the study investigated the effects of MSA in longer withdrawal (1 day and 1 week), and it is still unknown whether acute withdrawal from MSA alters ASR and PPI following MSA. Therefore, the present study investigated the effects of morphine withdrawal (1 and 3 hours) on the ASR and PPI up to 7 days.
To further investigate the effects of daily i.v. MSA on anxietylike behavior, we also analyzed the levels of blood brain-derived neurotropic factor (BDNF) during the course of MSA. BDNF is known to play an important role in the growth and differentiation of neurons (Acheson et al., 1995; Huang and Reichardt, 2001) , and in particular the survival of DA neurons (Canudas et al., 2005) . Also, due to the abundant presence of receptors for BDNF in DA neurons of the ventral tegmental area (VTA) (Seroogy et al., 1994) , it has been implicated that BDNF is involved in a variety of neuropsychiatric conditions, including learning, memory, and drug addiction (Yamada and Nabeshima, 2003; Bolanos and Nestler, 2004; Kumar et al., 2005) . Accordingly, a number of studies have investigated the role of BDNF on opiate addiction (Vargas-Perez et al., 2009; Mashayekhi et al., 2012; Lunden and Kirby, 2013; Geoffroy et al., 2015) . However, these studies employed passive administration of morphine and the results were inconsistent. Therefore, we postulated that the effects of MSA on BDNF expression may be different from the previous studies. Furthermore, we investigated corticosterone (CORT) levels in blood, which is a well-known marker for stress responses. In previous studies, it has been demonstrated that morphine-withdrawn rats show elevated blood CORT levels, which may be caused by stress (Nunez et al., 2009; Ueno et al., 2011) .
The main goal of the current study was to investigate the effects of acute withdrawal from MSA on anxiety-like behavior, sensorimotor gating, BDNF and CORT levels in the blood of male Sprague-Dawley rats. Based on the previous literature, we hypothesized that MSA may increase the ASR and CORT levels and decrease BDNF levels in withdrawal. To our knowledge, this is the first study reporting the effects of i.v. morphine on peripheral BDNF and CORT levels following daily self-administration sessions in rats.
Materials and Methods

Animals
Male Sprague-Dawley rats (Taconic Farms, Germantown, NY) weighing 250 to 300 g at the beginning of the study were used. Rats were housed in an environment with a reversed 12-h-light/-dark cycle (lights off from 6:00 am to 6:00 pm), a room temperature of 22 ± 2℃, and humidity of 60 ± 2% with free access to food and water. The animals were tested during the dark cycle because they are nocturnal animals. All procedures were conducted in accordance with the Institutional Animal Care and Use Committee at the Uniformed Services University.
Surgery
After an adaptation period, rats were anesthetized with a cocktail of ketamine/xylazine (100 mg/kg and 10 mg/kg, i.p.), and a silastic catheter (Dow Corning, Midland, MI; 0.02″ ID × 0.037″ OD) was surgically implanted into the right jugular vein and fixed with a mersilene surgical mesh (Ethicon Inc., Somerville, NJ) to the surrounding tissue. The catheter was exposed to the outside through the back using a 22-gauge guide cannulae (Plastics One, Roanoke, VA) by skin incision. The silastic tubing and guide
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cannulae were fixed with dental cement and secured with Marlex surgical mesh (Davol Inc., Woburn, MA). The incision was closed with wound clips and antibiotic ointment was applied. Then 0.2 mL of saline containing heparin (30 U/mL) and gentamicin (5-8 mg/kg) was injected daily into the catheter during recovery to maintain catheter patency.
Apparatus
Animals self-administered morphine in operant conditioning chambers placed in sound-attenuated cubicles with ventilation (Med Associates, St. Albans, VT). Each operant conditioning chamber was equipped with a house light mounted on the wall and a cue light located above the active lever on the opposite wall. The house light turned on at the start of the session and was extinguished when the animal pressed the active lever. The cue light was illuminated for 5 seconds when the animal pressed the active lever. A "time-out" (TO) period followed, during which the cue light turned off and the rat spent 15 seconds in darkness. During the TO period, both active and inactive lever responses were recorded but had no programed consequences. When an animal pressed the active lever, a signal was delivered to the computer installed with the experiment program (Med PC, Med Associates) and a motor pump located beside the operant chamber pushed the syringe, delivering morphine solution to the animal's jugular vein. The animal's activity level in each 4-hour session was quantified using an automatic measurement system with infrared beams that detected the rat's ambulation (Med Associates, St. Albans, VT).
MSA
In experiment 1 (Figures 1 and 3 ), animals were allowed to self-administer morphine sulfate solution or saline (SSA) with a fixed ratio 1 (FR1) schedule for 7 days (5 d/wk, 4 h/d). Sterile saline containing heparin and gentamicin (0.2 mL) was flushed into the catheter immediately before and after each session. If the rats pressed the active lever, 0.1 mL of either morphine solution (0.5 mg/kg per infusion) or saline was infused for 5 seconds. In experiment 2 (Figures 2 and 4), animals self-administered either saline or morphine (0.5 mg/kg per infusion) with an FR1 schedule for 7 days and were then allowed to self-administer with an FR3 schedule on day 8.
ASR and PPI
The ASR and PPI tests were performed in acoustic startle boxes (Coulbourn Instrument, Columbus, OH) during 1-or 3-hour withdrawal from self-administration on days 1, 3, 5, and 7. Animals were kept individually in small cages and placed on weight-sensitive platforms in the acoustic startle boxes. Following an adaptation period of 3 minutes, the animals were tested with 6 types of acoustic startle pulses (100 and 110 decibel (dB) alone, 100 and 110 dB accompanied by prepulse of 84 dB, prepulse alone, and no stimulus). The prepulse occurred 100 milliseconds prior to the pulse. Background noise was 60 dB. To avoid order effects, each type of acoustic startle pulse was randomly tested 8 times. The baseline levels of the ASR and PPI were measured 3 days before the initiation of self-administration. The ASR after self-administration was converted to a percent compared to the baseline level. The amount of inhibition by prepulse was expressed as PPI.
BDNF ELISA Assay
Three batches of animals (MSA, n = 8 and SSA, n = 8 per batch) were used for trunk blood collection on self-administration days 3, 5, and 7, respectively. Blood BDNF levels were assayed using the ELISA kit (Aviscera Bioscience, Santa Clara, CA). Serum samples were obtained from trunk blood (2 hours after the session) and were centrifuged at 2000 rpm for 20 minutes. Samples were diluted to 1/40 with dilution buffer, and then the plate was incubated for 2 hours with gentle shaking. The wells were washed 4 times and 100 μL of antibody working solution was added. After a second incubation on the shaker for 2 hours, the wells were washed 4 times. Then 100 μL of conjugate working solution was added followed by a 3rd incubation for 1 hour. After washing the wells 4 more times, 100 μL of substrate solution was added and the wells were incubated for 8 minutes on a shaker. A stop solution of 100 μL was added, and after incubation, the optical density was detected at 450 nm using an Infinite M200 Pro Microplate Reader (Tecan US, Morrisville, NC). To test for the possibility of intra-assay variation, each sample was tested in duplicate. This assay protocol followed the manufacturer's instructions and a previous study (Polacchini et al., 2015) .
CORT ELISA Assay
The same blood samples collected on self-administration days 3, 5, and 7 were used for a CORT assay using the ELISA kit (Arbor Assays, Ann Arbor, MI). The blood was centrifuged at 2000 rpm for 20 minutes and the plasma was diluted to 1/100 with assay buffer. Standard solutions were made with assay buffer and stock solution in decreasing concentration. Then 50 μL of each sample and standard were placed into a 96-well plate, and 25 μL of CORT conjugate and antibody were added to each well. After shaking for 1 hour at room temperature, the plate was aspirated and each well was washed 4 times with 300 μL of wash buffer. The TMB substrate (100 μL) was added to each well and the plate was incubated for 30 minutes at room temperature without shaking. Afterwards, 50 μL of stop solution was added. The optical density was read at 450 nm using an Infinite 200 Pro Microplate Reader (Tecan US). This protocol followed the method of a previous study (Larco et al., 2012) .
Statistical Analysis
The behavioral data of self-administration, the ASR, and PPI, were analyzed using a 2-way ANOVA and post hoc Tukey test. The blood sample analyses for BDNF and CORT were performed using a 2-way ANOVA and post hoc tests. Statistical significance was regarded with P < .05.
Results
MSA
During the 7-day period of self-administration, the number of infusions was similar between the MSA and SSA groups ( Figure 1A) . The 2-way ANOVA revealed no significant interaction (F [3, 68] = 1.195, P > .05) and main effect of drug (F [1, 68] = 0.558, P > .05) and time (F [3, 68] = 0.228, P > .05). However, locomotor activity in the self-administration chambers was significantly higher in the MSA compared with the SSA group from the first day of self-administration ( Figure 1B) . The 2-way ANOVA indicated a significant main effect of drug (F [1, 68] = 46.83, P < .0001) on locomotor activity. I.v. MSA reduced defecation during the 4 hr selfadministration sessions ( Figure 1C ), indicating a significant main effect of drug (F [1, 68] = 49.41, P < .0001). The fecal boli counts of the morphine group corresponded to 40.82%, 19.52%, 11.55%, and 4.58% of those of the saline group on the 1st, 3rd, 5th, and 7th day, respectively, indicating a gradual increase in the constipation effect. Body weight gain was significantly reduced in the MSA group compared with the SSA group ( Figure 1D) . The 2-way ANOVA indicated a significant interaction (F [3, 68] = 15.17, P < .001) and main effects of time (F [3, 68] = 28.46, P < .0001) and drug (F [1, 68] = 81.36, P < .0001). On the last day of self-administration, average body weight changes for the MSA and SSA groups were 101.47% and 107.84%, respectively, compared with their initial body weights.
To test the specificity of MSA, separate groups of animals were tested with a FR3 schedule of reinforcement on the 8th day of self-administration. The MSA animals maintained their daily morphine intake while the SSA animals reduced saline intake with the FR3 schedule (Figure 2A) . The 2-way ANOVA indicated a significant interaction between drug and time (F [4, 70] = 3.729, P < .01). Locomotor activity during the self-administration sessions was greater in the MSA group compared with that of the SSA group ( Figure 2B) . The 2-way ANOVA indicated a significant main effect of drug (F [1, 70] = 41.68, P < .0001). The MSA group increased the number of drug-paired lever presses by 3 times, while the SSA group actually reduced theirs with the FR3 schedule ( Figure 2C ). There was a significant interaction between drug and time on lever presses (F [4, 70] = 6.791, P < .0001). The number of inactive lever presses was not different between the MSA and SSA groups across the testing period ( Figure 2D ). The 2-way ANOVA indicated no significant interaction between drug and time (F [4, 70] = 0.514, P > .05) and main effect of drug (F [1, 70] = 1.581, P > .05). These data indicate that the MSA was voluntary and response contingent while the SSA was not.
ASR and PPI
MSA animals showed greater ASR than the saline controls when tested at 1-hour withdrawal from the self-administration. On day 1, the morphine group showed 144.49 ± 18.77% for 100 dB and 176.77 ± 16.64% for 110 dB compared with the baseline levels, while the saline group showed similar levels compared with the baseline levels. These increases in ASR at 1-hour withdrawal from MSA were maintained up to 5 days of testing. The 2-way ANOVA revealed significant main effects of morphine on ASR for both 100 (F [1, 83] = 11.493, P < .001) and 110 dB (F [1, 83] = 23.039, P < .001), as shown in Figure 3A and 3B, respectively. As expected, the prepulse inhibited ASR for both 100 and 110 dB in morphine and saline animals. There was no significant difference between the MSA and SSA groups in either PPI of 100 dB ( Figure 3C ) or PPI of 110 dB ( Figure 3D) .
However, when the animals were tested in 3-hour withdrawal from self-administration, the ASR was no longer elevated in the MSA group compared with that of saline controls. The 2-way ANOVA indicated no interaction (F [4, 70] = 0.246, P > .05) or main effect of time (F [4, 70] = 1.128, P > .05) or drug (F [1, 70] = 0.676, P > .05) on ASR of 100 dB ( Figure 4A ). The 2-way ANOVA indicated no interaction (F [4, 70] = 0.159, P > .05) or main effect of time (F [4, 70] = 0.46, P > .05) or drug (F [1, 70] = 0.438, P > .05) on ASR of 110 dB ( Figure 4B ). On the contrary, the PPI was disrupted at 3-hour withdrawal from MSA on days 3 and 5 of self-administration ( Figure 4C ). The 2-way ANOVA revealed a significant main effect of drug on PPI of 100 dB (F [1, 70] = 7.417, P < .01). The PPI of 110 dB was not significantly different between the MSA and SSA groups ( Figure 4D ). The 2-way ANOVA indicated a significant effect of time (F [4, 70] = 3.603, P < .01) but not drug (F [1, 70] = 2.343, P > .05) on the PPI of 110 dB.
BDNF
The BDNF levels in blood were measured on self-administration days 3, 5, and 7. The 2-way ANOVA indicated a significant main effect of drug (F [1, 42] = 9.011, P < .01) on BDNF levels. Posthoc tests revealed significant differences between the MSA and SSA groups on day 3 and 5 (P < .05) as shown in Figure 5A . The BDNF levels on self-administration day 7 were not different between the MSA and SSA groups. Results indicated that the BDNF levels following 5 days of MSA were lower than those of the SSA group by 58%.
CORT
The CORT levels in blood were also measured on self-administration days 3, 5, and 7. The 2-way ANOVA indicated no significant effect of drug (F [1, 42] = 2.074, P > .05) on CORT levels ( Figure 5B ). The CORT levels in the MSA (41.85 ± 15.89 ng/mL) and SSA (27.88 ± 7.4 ng/mL) groups on self-administration day 5 were comparable with the levels collected at baseline, indicating that the animals were not overtly stressed due to the daily selfadministration procedure.
Discussion
The current study found that i.v. MSA (4 h/d) increased ASR and disrupted PPI in rats in a time-dependent manner. From the first day of self-administration, morphine animals exhibited significantly higher locomotor activity and reduced defecation compared with those of saline animals. These results are consistent with previous studies that demonstrated the psychomotor activation effects of morphine (Jing et al., 2011; Liu et al., 2012; Wang et al., 2014; Wei et al., 2016) . This is important to note, because the number of infusions was similar between the MSA and SSA groups with a FR1 schedule of reinforcement. The similar number of infusions between the MSA and SSA groups is due to the increased activity of animals that were tested in their dark cycle. With a unit dose of 0.5 mg/kg, animals did not self-administer morphine too frequently, because the plasma half-life of morphine is approximately 2 hours in rodents (Iwamoto and Klaassen, 1977) . Moreover, when the reinforcement schedule was changed from FR1 to FR3, morphine animals increased the number of their lever presses to maintain stable morphine intake, while saline animals actually reduced their lever presses for saline intake. Thus, morphine animals showed response contingent self-administration behavior, whereas the saline animals did not. It is well described that morphine produces constipation (Hoot et al., 2013; Webster et al., 2014) and reduces body weight gain, which are side effects of opiate use (Sparber and Meyer, 1978) . From the first day of selfadministration, the morphine animals exhibited significantly less excretion, and there was no sign of tolerance to the constipation caused by morphine. Thus, these data indicate that the animals self-administered a significant amount of morphine and exhibited the adverse effects of morphine during the period.
It has been suggested that the elevation of the ASR in morphine withdrawal may be a sign of anxiety in rodents (Harris and Gewirtz, 2004; Rothwell et al., 2009) . In particular, withdrawal from a single injection of morphine (10 mg/kg) produced an increase in the ASR lasting up to 4 hours in rats (Harris and Gewirtz, 2004) . It is not known whether acute withdrawal from MSA elevates ASR in rodents. The current study found that the ASR was elevated at 1-hour but not 3-hour withdrawal from daily MSA compared with the ASR of the saline controls. This potentiation of ASR at 1-hour withdrawal from MSA was persistent across several days of testing. The discrepancy between the current and previous studies may have been due to different routes of morphine administration, doses of morphine, and metabolism of morphine in animals. For instance, the animals self-administered i.v. morphine (approximately 5 mg/kg over a 4-h period), whereas the previous study injected 10 mg/kg morphine in rats (Harris and Gewirtz, 2004) . Although the exact time course of ASR elevation is different between the studies, these findings are in line with the notion that withdrawal from morphine increases anxiety-like behaviors in rodents.
In addition to the ASR, the PPI was measured in the same animals. As expected, a prepulse presentation inhibited the ASR in both the morphine and saline groups. Interestingly, PPI was disrupted at 3-hour but not 1-hour withdrawal from morphine on self-administration days 3 and 5. This is similar to a study that reported disrupted PPI following repeated morphine injections (Meng et al., 2010) . Disrupted PPI during spontaneous withdrawal from morphine may contribute to the adverse effects of opiate use. Taken together, the current results suggest that spontaneous withdrawal from i.v. MSA may affect anxiety and sensorimotor gating in a time-dependent manner.
Previous studies on the effects of morphine on BDNF levels are inconsistent. For example, decreased BDNF signaling in the VTA may underlie morphine's reinforcing effect (Koo et al., 2012) , whereas BDNF has been shown to promote opiate reward via GABA A receptor function with a single infusion into the VTA (Vargas-Perez et al., 2009 ). On the other hand, both chronic morphine administration and subsequent withdrawal produced no change in VTA BDNF levels (Numan et al., 1998) . Other studies reported that the levels of mRNA (Lunden and Kirby, 2013) and histone methylation (Mashayekhi et al., 2012 ) of brain BDNF were decreased by 7 days of withdrawal from chronic morphine. Very little is known of the effects of morphine on blood BDNF levels. A study reported that 1-day withdrawal from repeated morphine injections did not change plasma BDNF levels, while 14 days of withdrawal increased BDNF levels (Geoffroy et al., 2015) . In the current study, BDNF levels in the blood were decreased in 2-hour withdrawal from MSA compared with those from SSA. These effects were evident on self-administration days 3 and 5. To our knowledge, this is the first study to report a transient reduction of blood BDNF levels during the daily MSA in rats.
In addition, previous studies reported a contradictory role for BDNF in anxiety-like behavior. Social isolation-induced anxiety resulted in elevated BDNF expression in the cerebral cortex of mice (Kumari et al., 2016) , whereas offspring of dams exposed to gestational stress showed reduced BDNF levels in blood . Also, anxiety-like behaviors induced by monosodium glutamate (Rosa et al., 2016) and amnestic effects by MK-801 (Hill et al., 2015) reduced BDNF expression in the hippocampus. Therefore, given that BDNF levels in the brain and peripheral tissue are parallel (Karege et al., 2002; Klein et al., 2011) , our study suggests a possibility that decreased blood BDNF levels may be associated with anxiety-like behavior in morphine withdrawal. Interestingly, a recent study demonstrated that the BDNF met allele, which is considered as a risk factor for anxiety, is related with reduced ASR (Armbruster et al., 2016) . That study is in parallel with the current findings in that BDNF levels showed an inverse relationship with the ASR. Very little is known about the role of BDNF on sensorimotor gating in the brain. The current study found disrupted PPI in 3-hour withdrawal from MSA on self-administration days 3 and 5, which may be linked with reduced BDNF levels on the same days. A further study is warranted to investigate the functional significance of BDNF on sensorimotor gating mechanism in the brain.
Contrary to the BDNF levels, the CORT levels in blood were not altered following MSA in rats. Also, the CORT levels in both MSA and SSA groups were comparable with the basal CORT levels measured in home cage controls (data not shown). Given that CORT levels reflect stress responses in rats (Jia et al., 2015) , it appears that the daily handling and testing of the animals did not increase stress responses. This is supported by the similar CORT levels of our data and of normal control groups of other studies (Gomez et al., 2000; Nunez et al., 2009 ). According to the previous studies (Nunez et al., 2009; Ueno et al., 2011) , there is evidence of CORT levels rising in rats withdrawn from morphine. However, those studies used passive administration of a high dose of morphine, followed by opioid antagonist-precipitated withdrawal, which can be stressful to animals. In the current study, the animals self-regulated their own morphine intake and experienced spontaneous withdrawal, which is more relevant to human opiate addiction. Thus, differences in morphine doses, routes of administration, and types of withdrawal may have contributed to the discrepancy between the current and previous studies. It is important to characterize different withdrawal time points following chronic MSA to better understand the relationship between opiate abuse and the stress system in the body.
In conclusion, the current study found that spontaneous withdrawal from i.v. MSA increased the ASR, disrupted PPI, and reduced BDNF levels in a time-dependent manner. These results suggest that repeated opiate use may increase anxiety and impair sensory gating mechanism, and reduced peripheral BDNF may be a biological substrate for opiate abuse. A further study is necessary to investigate the functional significance of BDNF in opiate abuse and withdrawal to enhance our understanding of the biological basis of opiate use disorders. 
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